Biological nitrification, the oxidation of ammonium to nitrate, is largely caused by the autotrophic soil bacteria of the genera Nitrosomonas and Nitrobacter.
Various pesticides were tested for an effect on nitrification. Most of the studies used field trials or determinations in the soil perfusion unit developed by Lees and Quastel (12) . Some (8, 11, 15) used both the perfusion apparatus and the manometric technique to measure the effect of pesticides on the nitrifers. When respiration studies were made, soil which was percolated with an ammonium salt solution to increase the nitrifying population was usually added to the Warburg vessels. Seldom were pesticides tested for an effect on respiration with concentrated cell suspensions of either Nitrosomonas or Nitrobacter. Likewise, aerated liquid cultures of these organisms were infrequently used as a test system for pesticides.
The purpose of this study was to determine the mode of action of several pesticides on both growth in aerated cultures of Nitrobacter agilis and on the respiration of cell suspensions. Several enzymes were selected for study of pesticides which inhibited both growth and respiration.
MATERIALS AND METHODS Pesticides. The following pesticides were tested: aldrin ( Growth. Nitrobacter agilis (ATCC 14123), kindly supplied by David Pramer, Rutgers University, New Brunswick, N.J., was grown in the clear inorganic medium of Aleem and Alexander (2), supplemented with NaMoO42H20 as suggested by Finstein and Delwiche (10) .
To determine the effect pesticides had on growth of N. agilis, the chemicals were dissolved in acetone, and 0.1 ml of the solution was added to 50 ml of sterile medium in a 250-ml Erlenmeyer flask. With simazine only, 12.5 mg of the dry chemical was added to the culture flasks. Control flasks received 0.1 ml of acetone. All flasks were inoculated with cells in the log phase (1%, v/v) which had oxidized 80 Ag of NOT-N per ml. (17) .
Nitrate reductase. The procedure of Straat and Nason (21) was modified for determining the nitrate reductase activity. In a total of 1.0 ml, the reaction mixture contained 0.5 ml of 0.1 M acetate buffer (pH 6.0), 0.1 ml of 0.1 M KNOs, 0.1 ml of suitably diluted cell-free extracts, 0.15 ml of 1% (v/v) mammalian cytochrome c (Sigma Chemical Co., St. Louis, Mo.), and 0.25 ml of 2 X 10-6 M sodium ascorbate. The reaction, maintained at 30 C, was started by addition of KNO,; the nitrite formed was measured at the end of 10 min.
Reduced nicotinamide adenine dinucleotide (NADH2) oxidase. NADH2 oxidase was measured by the method of Smith and Hoare (19) . The decrease in absorbance of NADH2 at 340 nm produced by the cell-free extract was measured at 30-sec intervals for a 10-min period with a Beckman model DU spectrophotometer.
Cytochrome c oxidase. To measure cytochrome c oxidase activity, the following reaction system was used: 0.1 ml of 1.0 M Tris buffer (pH 8.0), 0.1 ml cell-free extract (0.36 mg of protein), 0.3 ml of 1% (w/v) cytochrome c, 0.3 ml of 4 X 10-' M sodium ascorbate, and 0.3 ml of deionized, distilled water. The reaction was started by addition of cell-free extract, and the decrease in absorbance was measured at 550 nm with a Gilford-2000 multiple sample absorbance recorder attached to a Beckman model DU spectrophotometer. Initial activities were corrected by subtracting a "blank" representing the decrease in absorbance during absence of enzyme. Because the pesticides were added in acetone, an equivalent amount of acetone was added to the control cuvettes.
Protein. Protein concentrations were determined by the method of Lowry et al. (14) . Crystallized, bovine fraction V albumin (Sigma Chemical Co.) was used as protein standard.
RESULTS
Growth effects. The effects of the pesticides on growth of N. agilis are illustrated in Table 1 . Only two compounds, aldrin and simazine, were bThis was the amount added per milliliter of medium. In most cases it was above the solubility level of the individual pesticide. but only 10 ,ug of both pesticides per ml were required for cessation of growth ( Table 1) .
The nitrite oxidase activity of cell-free extracts was then tested in the presence of pesticides. Eptam, CIPC, DDD, and lindane affected both cell suspension and cell-free extract activities similarly (Table 2) , but heptachlor and chlordane were more inhibitory for the nitrite oxidase in the cell-free extracts. The extract activity was completely inhibited by the addition of 250 ,ug of chlordane and 200 Mg of heptachlor per ml, but the nitrite oxidase of cell suspensions was restrained by only 50 and 75 to 80% with 500 Mug of heptachlor and chlordane, respectively. Neither DDD norlindane at a concentration of 500 Ag/ml caused cessation of nitrite oxidation by either cell suspension or cell-free extracts.
Nitrite oxidase as measured by oxygen consumption differed slightly from the nitrite disappearance at a given pesticide concentration because oxygen uptake was reported at initial rate, but the nitrite concentration was determined at the end of 1 hr. In some instances, the initial oxidation rate was zero, but a small amount of oxygen was consumed before the end of the 1-hr assay period.
Kinetics of oxidation. By using cell suspensions, three pesticides (CIPC, 75 Mg/ml; eptam, 200 Mg! ml; and DDD, 600 Mug/ml) were selected for further study in the respirometer. The concentrations of nitrite added to the Warburg flasks varied from 1.5 to 12 ,umoles. The types of inhibition which occurred (Fig. 1) a Reaction mixture contained 0.1 ml of 1.0 M Tris buffer (pH 8.0), 0.1 ml of cell-free extract (0.36 mg of protein), 0.3 ml of 1% (w/v) cytochrome c, 0.3 ml of 2 X 10-t M sodium ascorbate, and 0.3 ml of distilled water. Sodium cyanide (10 ,umoles) completely inhibited the reaction.
b Activity expressed as decrease in absorbance at 550 nm per min per mg of protein.
were tested for an effect on cytochrome c oxidase. Most of the pesticides tested inhibited cytochrome c oxidase to some degree, but none suppressed the activity completely (Table 3) . Heptachlor, the most toxic, inhibited the activity by 76% at a concentration of 500 jig/ml, but completely suppressed nitrite oxidase at 200 Ag/ml (Table 2) . At 500 Ag/ml, DDD caused a similar effect on both oxidases, as relative activities of 56 and 66% were obtained for nitrite oxidase and cytochrome c oxidase, respectively. Eptam was unique in this series of compounds, as a slight, but reproducible, stimulation of cytochrome c oxidase was noted.
DISCUSSION
The eight pesticides considered in this report are currently recommended for agricultural uses. Field studies or laboratory investigations with soil systems have indicated no inhibition with aldrin (4, 9, 18), simazine (4), heptachlor (18) , or DDD (4). The two chemicals (CIPC and eptam) which inhibited both the growth of Nitrobacter and nitrite oxidation were also inhibitory to nitrification in field studies (4, 7, 16) . With applications of 1,000 lb per acre, Brown (5) observed retardation of nitrification with lindane and chlordane, but Shaw and Robinson (18) observed no effect with chlordane at 300 lb per acre.
We were particularly concerned in determining whether a correlation existed between cell suspension oxidation studies and the growth experiments. Aldrin and simazine neither affected growth in aerated cultures nor nitrite oxidation by cell suspensions or cell-free extracts. Although all six of the other pesticides tested caused cessation of growth with eptam being the least toxic (75 Ag/ml were required for complete inhibition), only CIPC and eptam were completely toxic to the nitrite oxidase of cell suspensions. Although various degrees of nitrite oxidase inhibition were observed with chlordane, DDD, heptachlor, and lindane at 500 ,g/ml, inhibition of nitrite oxidase activity is probably not the mode of action of these chemicals on Nitrobacier since 5 to 10 ,ug/ml stopped growth. Even with CIPC and eptam, inhibition of nitrite oxidase might not be the main mode of action since the concentrations of CIPC and eptam required for cessation of nitrite oxidase were approximately 10-and 4-fold greater, respectively, than the concentrations necessary for inhibiting growth.
It is noteworthy that heptachlor and chlordane were more inhibitory with cell-free extract oxidation than with cell suspension oxidation. Complete inhibition of the nitrite oxidase activity in cell-free extracts occurred with additions of 250
Ag of chlordane per ml and 200 ,ug of heptachlor per ml, but additions of 500 Ag/ml to cell suspensions resulted in 80% inhibition with chlordane and 50% inhibition with heptachlor. This difference in inhibition could be the result of an impermeability of the cell suspensions to these two compounds or to binding of protein in the cell-free extracts, since both chemicals are insoluble at the concentrations used. Likewise, sorption of cells or protein by insoluble pesticide particles could be responsible for the linear effect noted in the respiration experiments with increasing concentrations of the pesticides even though the solubility levels of the chemicals were exceeded.
Since marked inhibition of nitrite oxidase in cell-free extracts occurred with CIPC, chlordane, eptam, and heptachlor, the pesticides were tested for an effect on the cytochrome c oxidase activity in the cell-free extracts. Aleem and Nason (3) Although it is probable that NADH2 oxidase is used for autotrophic growth only by the hydrogen bacteria (20) , Aleem (1) showed that NADH2 oxidation in Nitrobacter proceeds by an electron transport chain analogous to the mitochondrial respiratory chain (see reference 6). Consequently, we were interested in studying the effects of pesticides on the oxidase as an indication of cytochrome inhibition. However, we were unable to detect NADH2 oxidase activity in our preparations.
Straat and Nason (21) postulated that the enzymatic reduction of nitrate in Nitrobacter might be the first step of a sequence for providing nutritional nitrogen, or it could be a means of recycling nitrite for nitrite oxidation. No deleterious effect on nitrate reductase was noted in our system upon addition of the pesticides.
Though we were unable to characterize the inhibitions caused by the pesticides studied, our results indicate that growth studies with low concentrations of pesticides are more suitable than the measurement of nitrite oxidation as indexes of the toxicity of pesticides for Nitrobacter agilis. With growth studies, inhibition of biosynthetic reactions will be detected, whereas only inhibition of energy assimilation is detected by nitrite oxidation studies.
